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O i ABSTRACT 

Aims. We aim to understand the interplay between non-radial oscillations and stellar magnetic activity and test the feasibility of doing 
' asteroseismology of magnetically active stars. We investigate the active slow rotator EK Eri which is the likely descendant of an 

Ap star 

Methods. We analyze 30 years of photometric time-series data, 3 years of HARPS radial velocity monitoring, and 3 nights of high- 
cadence HARPS asteroseismic data. We construct a high-S/N HARPS spectrum that we use to determine atmospheric parameters 
and chemical composition. Spectra observed at different rotation phases are analyzed to search for signs of temperature or abundance 
variations. An upper limit on the projected rotational velocity is derived from very high-resolution CES spectra. 
. Results. We detect oscillations in EK Eri with a frequency of the maximum power of Vn,ax = 320 ± 32 pHz, and we derive a peak 

' amplitude per radial mode of s; 0. 15 m s"' , which is a factor of 3 lower than expected. We suggest that the magnetic field may act 

to suppress low-degree modes. Individual frequencies can not be extracted from the available data. We derive accurate atmospheric 
(~| , parameters, refining our previous analysis, finding T^fj = 5135 + 80 K, log^ = 3.39 ± 0.12, and metallicity [M/H] =+0.02 ± 0.04. 

^ |i Mass and radius estimates from the seismic analysis are not accurate enough to constrain the position in the HR diagram and the 

I ' evolutionary state. We confirm that the main light variation is due to cool spots, but that other contributions may need to be taken into 

O ' account. We tentatively suggest that the rotation period is twice the photometric period, i.e., P^af = 2/'phot = 617.6 d, and that the star 

is a dipole-dominated oblique rotator viewed close to equator-on. We conclude from our derived parameters that v sin / < 0.40 km s"' 
^ . and we show that the value is too low to be reliably measured. We also link the time series of direct magnetic field measurements 



available in the literature to our newly derived photometric ephemeris. 

Key words. Stars: abundances - Stars: individual: EK Eri - Stars: activity - Stars: oscillations - Stars: rotation 



> 

cn 

, 1. Introduction fainter, which agrees with cool spots as the cause of the hght 

. variation. From high-resolution spectroscopy, IStrassmeier et al.l 

Q , EK Eri (HR 1362, HD 27536) is a unique case of a slowly ro- (119991^ ^Iso determined the fundamental stellar parameters and 

• tating (vsm/ < 2 kms"') G8 giant or sub-giant, which is over- .^owed from the radius-vsin/ constraints that the star must be 

^' active with respect to its rotation rate and evolutionary state. It gggjj close to equator-on i e / 90° 

is exhibiting brightness variations with a period of more than 1 ■ ■ ' 

2 300 days, believed to be due to s emi-stable star spots be ing ro- l Aunere et al.| 12008) published the first direct measurement 

. . tated across the projected surface (IStrassmeier et alJl999l) . It has of *e magnetic field of EK En. They find the field to be large 



X 



been suggested that the associated strong magnetic field is a fos- ^cale, rather than a solar-type (small-scale) field, dominated by 
sil remna nt from its main sequence life as a magnetic Ap star ^ Poloi^al mostly axisymmetnc component, resembling a dipole 



( ISt^pienlll993h ^^'■^ ^ strength of x 270 G. They also observe some modulation 

^ , rp, . , , V J I, » » ■ 11 ■ 1 mo over the rotation period, although their data do not cover the full 

The star has been mo nitored photometr i cally since 1978, , • > t„ . , > > • 

- - ■ c . u • 1 J J- "cT ■ ~n iinnnK T u photometric period. Their results strengthen the interpretation 

with first results included in Strassmei er et al.l(ll990l) . In a subse- \ _ . T , , , , • • . 

, , . . » 1 , 1 nnn^ j • j i, . . • that EK En IS a descendant of a slowly rotating magnetic Ap 

quent study, Strassmeier et al. ( 1999) derived a photometric pe- , 

• J fTA^njf . . f • u . . J X . star which IS now approaching the giant branch, 

nod of 306.9 d from twenty years of monitoring, but noted that ° ° 

the light curve could be split into two segments with different In iDall et al.l (l2005t hereafter Paper I) we refined the fun- 
periods, 31 1 d (pre- 1987) and 294 d (post- 1992) respectively, damental parameters of EK Eri using new HARPS spectra and 
and with a period of relatively small light variations in between, found radial velocity (RV) variations with peak-to-peak ampli- 
possibly reflecting two distinct magnetic cycles. These photo- tude of ^ 100 ms"'. This variation was shown to conelate ex- 
metric data also showed that the star gets redder when it gets tremely well with the calcium H & K activity index (Iog/?HK) 

as well as with the bisector inverse slope (BIS) of the cross- 



Send ofprint requests to: T H. Dall, e-mail: tdalMeso . org conelation function. However we found a positive conelation 

* Based on data from the HARPS spectrograph at the La Silla ^1" BIS rather than the negative correlation expected from 

Observatory, European Southern Observatory, obtained under programs spot-induced RV variations (e.g., Desort et al. 2007). Such cor- 

IDs 77.C-0080 and 78.C-0233, and on data from the CES spectrograph relations have previously been attributed to fainter stellar com- 

obtained from the ESO Science Archive Facility. panions contributing to the signal, effectively disguising the sig- 
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nal o f a planetary companion (ISantos et al.ll2002l IZucker et alJ 
12004 . 

In this paper we present the updated results from 30 years of 
photometric monitoring, as well as from three years of RV mon- 
itoring, and three half-nights of high-cadence RV measurements 
used for an asteroseismic analysis. 

In Sect. 12] we present our new observations and the data re- 
duction. In Sect. [3] we present our results, which we discuss in 
Sect.|4] In Sect. |5] we give a summary of our conclusions. 

2. Observations 

2.1. Photometry 

We present new photometric data for the years 1998 through 
2009. Photometry from 1978 throug h early 1998 was previ- 
ously analyzed by IStrassmeier et al.l (IT999b and consisted of 
data from various sources listed therein. The new data comes 
from Amadeus, one of the two 0.75m Vienna "Wolfgang- 
Amadeus" twin automatic photoelectric telescopes located at 
Fairbom Observatory in Washington Camp in southern Arizona 
(IStrassmeier et al.lll997h . Since late 1998, 1719 nightly V and / 
data points were acquired, each the mean of three measurements 
of EK Eri and a comparison star These data were transformed 
to the Johnson-Cousins V{RI)c system and used HD 27179 as 
the comparison star and HD 26409 as the check star The data 
quality varied between an external rms of 4 mmag to 7 mmag in 
V. Details of the data re duction procedure were previously given 
bv lGranzer et al.l (1200 lb . The main part of the data set is shown 
in Fig. [T] 

The Wolfgang telescope was used on five dedicated nights 
20-24 December 2007 to monitor the star with a cadence of 
3.0 min to check for possible high-frequency photometric vari- 
ations. The second night was lost due to poor weather, the third 
night was usable for about half of the night, the others were 
good. On the three nights 20th, 23rd and 24th, the target was 
observed for 7.5 hours continuously, on the 21st for 4.5 hours, 
and on the 22nd for 2 hours. The total time on target during these 
five nights was 29 hours of which the 2 hours on the 22nd were 
of poor quality and discarded. A total of 542 y data points were 
acquired. Only Stromgren y was employed. These data were cal- 
ibrated to the standard Stromgren magnitudes. The external rms 
of the time-series is w 1.2 mmag in y. 

2.2. Spectroscopy 

We have been conducting u ltra-stable ra^dial velocity monitor- 
ing ofEK Eri with HARPS (Ma vor et al.]|2003l ; 'Rupprec ht et all 
12004 ) from September 2004 to April 2007, mostly with rather 
uneven spacing between data points. Typical exposure times 
were 480-600 s resulting in a typical peak S/N x 300 for in- 
dividual exposures, which translates to an intrinsic RV precision 
of better than 1 ms ' per exposure. The HARPS resolution is 
R = 100,000. 

Accurate radial velocities are derived by the HARPS pipeline 
using cross-correlation with line templates (masks). The high- 
precision comes from the use of a simultaneous Th-Ar calibra- 
tion spectrum for accurate wavelength calibration and from the 
intrinsic high stability of the spectrograph. The resulting Cross- 
Correlation Function (CCF) is fitted with a Gaussian to obtain 
the RV. 

In March 2007 we had three consecutive half-nights of con- 
tinuous monitoring to search for oscillations and probe the as- 
teroseismic parameters of the star. We used exposure times of 



Table 1. Summary of the properties of EK Eri. 



Parameter 


Value 


Section 




5135+80 K 


13.31 




3.39+0.12 


[331 


[M/H] 


+0.02±0.04 


[331 




1.15+0.03 kms"' 


[331 


^'macro 


2.3+0.2 km S-' 


KH 


V sin i (measured) 


< 1.6+0.4 km S-' 


ED 


V sin i (predicted) 


< 0.40 km s"' 


[411 




14.5+1.6 


IMI 


M/Mo 


1.92+0.13 


[33 


R/Re 


4.87+0.29 


[3:^1 


Age 


1.1+0.2 Gyr 


[H 




617.6+5.0 d 


|4J 


^phot 


308.8+2.5 d 


[m 


Ephemeris 


HJD2, 453, 372.679 + nPphot 


[m 



360^80 s which resulted in peak S/N ^ 250-300 for individual 
exposures at a cadence of about 8 min. We observed for about 
three hours per night, obtaining a total of 70 spectra. 

We have also retrieved archive data of EK Eri taken with the 
CES high-resolution spectrograph at ESO/La Silla Observatory. 
One 900 s spectrum at a central wavelength of 6155 A was ob- 
tained on UT date 2004-09-03 and one 600 s spectrum at 6463 A 
was obtained on UT date 2005-08-11. The spectra cover 39 A 
and 43 A, respectively. These data were reduced using the CES 
pipelinfl The resolution is R a; 220, 000 with S/N ^ 500 in both 
spectra. 

3. Results 

In the following we will investigate the high-resolution spec- 
troscopy and long-term photometric time-series data. The nu- 
merical results are summarized in Table [1] 

3.1. Photometric period and modulation 

IStrassmeier et al.l (1 19991) determined the period of the long- 
term photometric variation of EK Eri based on the data ob- 
tained to that date. They also found that the period may have 
changed slightly when comparing the years 1978-1986 to the 
years 1992-1999, possibly due to distinct activity cycles. Here 
we derive the period using the full data set, using a variety of 
techniques summarized in Table |2l From these results we adopt 
a photometric period of 308.8 + 2.5 d (see inset of Fig.[T]). Given 
the errors on the individual results and the obvious spot evolu- 
tion, we cannot comfortably give the period with higher preci- 
sion. The coiTesponding ephemeris is given in Table [1] and is 
marked by dashed vertical lines in Fig. [Tj As can be seen, the 
ephemeris can not always reproduce the data, indicating that the 
spots are changing size and configuration. From Fig.[T]it is clear 
that when the star is fainter, V-Iis higher (i.e., the star is redder) 
which points to cool spots as the cause of the variation. Since the 
period is likely much longer than typical spot lifetimes we can- 
not hope to extract any quantitative information on the amount 
of differential rotation. 

We will now describe the methods used to derive the pe- 
riods in Table |2| Both the Discrete Fourier Transform (DFT; 
e.g., Reegen 2007) and Period04 (Lenz&Breger 2005) were 
used, where we prewhitened with two long periods coiTespond- 
ing to long-term drifts. Period04 is developed for asteroseis- 



See http : //www . eso . org/ sci/ f acilities/lasilla/ instruments/c 
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Fig. 1. The photometric time series in V from 1979-2009 and in V - / from 1996-2009. The expected times of V maxima are 
indicated with dashed lines. The inset shows the power spectrum from the period analysis (see Sect. 13. lb . 



Table 2. Results from different methods of period analysis of the 
long-term photometry. The period has been found by a Gaussian 
fit to the peak, except for Period04 which uses a sinusoidal fit. 
The cr is the eiTor on the fitted peak position. 



Method 


Ppho, [d] 


o-[d] 


Period04 


308.99 




DFT 


308.76 


3.36 


CLEAN 


308.77 


4.00 


Lomb-Scargle 


308.91 


2.04 


Latler-Kinman 


308.57 


3.19 


MSL 


310.12 


5.05 


PDM 


309.81 


7.39 


Adopted value 


308.8 


2.5 



mic applications where the light curve can be assumed to be 
made up of sinusoidal components. This makes it inappropriate 
for our analysis of the long term variations which are chang- 
ing in amplitude and possibly also in period. The usual for- 
mula for the period precision based on a mix of white and 1 // 
noise therefore has no physical meaning. The CL EAN algorithm 
(also known as iterative sine-wave fitting; e.g., iFrandsen et al.l 
Il995h revealed only one main peak in the resulting ampli- 
tude spectrum after pre-whitening with the long-term drifts. 
The Lomb-Scargle periodogram gives results similar to the 
DFT, but with slightly lower error. The Lafler-Kinman anal- 
ysis dLafler & Kinmanlll965h gives a similar result, but the 
periodogram is not as convincing — a trait shared by the 
Minimum String Length (MSL) method. The Phase Dispersion 
Minimization (PDM) tend to generate higher period aliases, but 
even so the peak was clearly identified, although not very well 
determined. 



3.2. Asteroseismic results 

From its position in the HR diagram, EK Eri is expected to show 
p-mode oscillations that are stochastically excited and damped 
by near surface convection similar to what is observed in the Sun 
and other solar-like stars (Bedding & Kjeldsen 2003). We there- 
fore carried out high-cadence (At ^ 8 min) spectroscopic moni- 
toring during three consecutive nights using HARPS as outlined 
in Sect. 12.21 In addition, five nights of high-cadence photometric 
monitoring was conducted as described in Sect. 12. II 

3.2.1. Radial velocity frequency spectrum 

The time series is shown in Fig. |2] and shows significant vari- 
ability of a few metres per second (peak-to-peak) with peri- 
ods of roughly 1 hour. The slight night-to-night offsets are 
likely due to slow variations in the overall activity level. In 
Fig. [3] we show the Fourier power spectrum of the time se- 
ries, which shows the variability as an excess power in the fre- 
quency range 200^00 juHz. This excess agrees with the ex- 
pected frequen cy of m aximum power estimated from scaling 
the solar value dKieldse n & Bedding 1995), which gives roughly 
340 //Hz. The power at very low frequency (^ 50 juHz) is pre- 
dominantly caused by the slow linear trend seen on the third 
night and is probably not due to oscillations. 

The frequency spectra of the Sun and other solar-like stars 
show an almost regular series of peaks. From this, one can ex- 
tract the spacing between modes of successive radial order called 
the large separation, Av, which provides a very precise measure 
of the mean density of the star. By scaling the solar value we 
find that the expected large separation of EK Eri (using the scal- 
ing formula from Kjeldsen & Bedding 1995) is around 20 juHz. 

Due to the short and sparse coverage the present data set 
does not allow detection of the individual frequencies or the 
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BJD - 2,450,000 



Fig. 2. RV vs. BJD for the three nights of high-cadence spectra used for the asteroseismic analysis. The mean error bar is shown at 
the lower left corner. The three-night run displays clear variation, but with period variations from night-to-night, likely due to mode 
beating. 




Fig. 3. Fourier spectrum of the three nights of HARPS high- 
cadence radial velocity data. The inset shows the spectral win- 
dow with the same frequency scale as the main panel. 



Fig. 4. Amplitude per radial mode. The amplitude is signif- 
icantly lower t han e xpected — compare e.g. with Fig. 8 of 
iKjeldsen et al.l (l2008l) . See text for explanation. 



large separation. However, we are able to estimate the ampli- 
tude per mode from t he excess powe r in the Fourier spectrum 
using the approach bv Kieldsen et al.l (1200 5). First, the Fouiier 
spectrum is converted into power density by dividing by the 
area under the spectral window. Then we convolve the spec- 
trum with a Gaussian with a width of 4Av, to create just a sin- 
gle smoo th hump of excess p ower and finally we multiply by 
Av/4.09 jKieldsen et al.ll2008l) and take the square root to get 
the amplitude per radial mode. 

The result is shown in Fig. |4] The peak amplitude per ra- 
dial mode is approximately 0.15 m s"', but with a large variation 
from night-to-night, which is expected from the stochastic nature 
of the excitation mechanism. Still, this amplitude is significantly 
lower than expected (by at least a factor of 3) b ased on results 
for s tars with similar oscillation periods (Fig. 8 of lKieldsen et al.l 
12008 ). Part of this discrepancy may be explained by mode beat- 
ing in conjunction with the short time span of our observations. 
From this analysis we find the position of maximum power to 
be Vmax - 320 + 32 yuHz, where we have adopted a 10% uncer- 



tainty using si mulated data: for th is purpose we use the simula- 
tor described in'Stello et al.' (200%. The input mode frequencies 
were taken from a pulsation mo del of the star derived using the 
ADIPLS code fchristensen-Dalsgaard ''2008 ) . We calculated the 
individual mode amphtudes by scahng the shape of the solar ex- 
cess power by the acoustic cut-off frequency and normalised to 
the peak amplitude found from Fig.|4] The input amplitude takes 
into account the different inertia of the modes and visibilities 
of whole-disk integrated observations. The simulations show a 
w 10% scatter in v^ax and a ^ 30% scatter in amplitude with 
assumed mode lifetimes in the range 1-20 days. In addition, we 
tried to utilise the simulations to obtain a mode lifetime, but con- 
cluded that the data did not allow a robust estimate. 

3.2.2. Short-term photometric variations 

We also searched for variability due to oscillations in the high- 
cadence photometric data. Of the three full nights obtained, a pe- 




Fig. 5. A section of the combined HARPS spectrum illustrating the high S/N. The observed and synthetic spectra are shown with 
solid and dot-dashed lines, respectively. The main lines contributing to the spectrum are marked by vertical lines. The solid vertical 
lines mark the least blended lines that are used in the abundance analysis. 



riod analysis reveals no periodicity on two of the nights, while on 
a third night a single peak with a false alarm probability of 9.4% 
was detected at / = 26.016 d"' (301.11 jt/Hz) or around 55 min at 
an amplitude of a; 5 mmag. This frequency corresponds well to 
the envelope found from the spe ctroscopic time series. How ever, 
based on the scaling relations o f lKieldsen & Beddingl(ll995h and 
the observed RV amplitude, the photometric amplitude of EK Eri 
is expected to be » 50 ppm, which is a factor of 100 lower than 
the observed peak. Although this peak appears significant, we 
believe it to be an artifact. 



3.3. Effective temperature, gravity, abundances 

To determine the fundamental parameters of EK Eri we analysed 
a co-added spectrum with high S/N. This spectrum was made 
from the three consecutive nights of asteroseismic observations. 
We shifted the HARPS spectra by the individually measured ve- 
locity shifts and calculated the sum. The blue arm of the spec- 
trum from 4402-5304A has S/N of 700 and the red arm from 
5337-6905 A has S/N of 1,300 in the continuum. We made a 
careful normalization by identifying continuum points in a syn- 
thetic spectrum with the same parameters as EK Eri. A small 
part of the co-added spectrum is shown in Fig. |5] Also plotted 
is a computed synthetic spectrum which shows some discrep- 
ancies, likely due to missing lines (e.g. 5008.7 A) or erroneous 
log gf values (e.g. 5002.6 A). 

We analyse d the normalized spectr um using the software 
package VWA dBruntt et al.ll2004 l2008h . T he software uses at- 
mospheric models interpolated in the grid by'Heiter et al.' (2002') 
and atomic data from the VALD database (Kupkaet al. 1999). 
The computation of abundance s relies on synthetic spect ra cal- 
culated with the SYNTH code (I Valenti & Piskunovll 19961) . 

We used VWA to automatically select 1019 of the least 
blended lines. However, as part of the analysis we corrected 
the oscillator strengths (log gf) by measuring abundances for 
th e same lines found in a spectrum o f the Sun from the Atlas 
bv lHinkle et aP (12000^ (originallv from lKurucz et al.llT984 ): 627 
lines were found in common with the Sun and could be cor- 
rected, and only these lines were considered in the further analy- 
sis. This differential analysis leads to a significant improvement 



in the rms scatter of the abundances of Fe i and Fe n from 0. 12 
to 0.06 dex. For other elements the improvement in the scatter is 
typically 30%. 

The fundamental atmospheric parameters of EK Eri were de- 
termined by adjusting the microturbulence (^,), Teff, and logg 
until no correlation was found between the abundances of Fe i 
and their equivalent width or the excitation potential and with 
the additional requirement that the mean Fe abundance is the 
same found from neutral and ionized lines. The resulting pa- 
rameters are T^g = 5135 + 60 K, logg = 3.39 + 0.06 and 
= 1.15 + 0.05 kms"'. We estimated the uncertainties by per- 
turbing Teff and log g in a grid around the derived values by 
+0.2 km s"', ±200 K, and +0.2 dex, respectively, an d measuring 
the change in the correlations described above (see lBruntt et al.l 
2008). These uncertainties are "internal" errors since we assume 
the model atmosphere describe the actual star We have added an 
addition systematic error of 50 K and 0. 1 dex to T^ff and log g in 
Table □ 

The abundance pattern for 17 elements is shown in Fig. |6] 
and listed in Table[3] The uncertainties on the abundances are the 
quadratic sum of the standard deviation of the mean value and 
the contribution due to the uncertainty on the model parameters 
(Cmodei = 0.035 dcx). Our estimate of the metallicity is based on 
the mean abundance of iron-peak elements with at least 10 lines 
(Si, Ti, V, Cr, Fe and Ni) giving [M/H] = +0.02 + 0.04 for the 
combined spectrum. 

From Fig. |6]we do not see evidence for peculiarities in the 
abundances, which might otherwise have hinted at an earlier 
phase as a chemically peculiar star Any abundance peculiarities 
present initially in the photosphere seem to have been efficiently 
homogenized with the deeper layers as the star evolved off the 
main sequence. 

Our results on the fundamental parameters and abundances 
are different from what we found in Paper I at a level that may 
seem incompatible with the uncertainties: Tgff is 100 K cooler 
and logg is 0.1 dex lower in our new analysis. The quality of 
the spectrum used in Paper I was lower and therefore only half 
as many lines could be used (S /N ^ 500 near 6300 A in Paper I 
compared to 1300 in our new spectrum). Both analyses were 
done by measuring abundances differentially to the same lines 
in a spectrum of the Sun. In Paper I we used a sky spectrum 
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No Mg Al S; S Co Sc Ti V Cr Fe Ni Sr Y Zr Pr- 



Fig. 6. The abundance pattern of EK Eri measured relative to 
the Sun. Circles are mean abundances of neutral elements and 
squares are for singly ionized species. 



Table 3. Abundances of 17 elements in EK Eri. The columns 
contain the element name and ionization stage, the mean abun- 
dance relative to the Sun, and the number of spectral hnes used. 



El. 


A 


N 


El. 


A 




A' 


Ci 


-0.24 


2 


Vi 


+0.08 ± 


0.04 


15 


Nai 


+0.19 ±0.04 


3 


Cri 


+0.01 ± 


0.04 


20 


Mgi 


-0.02 


2 


Crn 


-0.05 ± 


0.04 


4 


All 


+0.09 


2 


Fez 


+0.02 ± 


0.04 


300 


Si I 


+0.02 ± 0.04 


31 


Fe n 


+0.01 ± 


0.04 


15 


Si 


+0.04 


1 


Nil 


-0.01 ± 


0.04 


63 


Cai 


+0.11 ±0.04 


8 


Sri 


+0.10 




1 


Sci 


+0.03 ± 0.05 


5 


Yn 


-0.01 ± 


0.04 


5 


Sc II 


-0.01 ± 0.04 


4 


Zri 


+0.00 ± 


0.07 


3 


Til 


+0.05 ± 0.04 


50 


Prn 


-0.07 




1 


Tin 


-0.03 ± 0.04 


11 











as a proxy for the Sun, whi le in the curre nt analysis we use the 
high-quality spectrum from Kurucz et al]ri984) . This difference 
could introduce a systematic offset. It can be debated whether it 
is valid to use the differential approach since EK Eri is a more 
massive and evolved star compared to the Sun. In fact, the differ- 
ences we find in Tetf and log g may reflect reahstic uncertainties 
to be adopted for the star. 

A more intriguing idea is that the lower T^ff we find is due 
to a higher amount of spot coverage at the time of observation. 
To investigate the evidence for changes in Teff at different rota- 
tional epochs, we have constructed spectra by combining sub- 
sets of our new data. These four spectra, designated El to E4, 
are listed in Table |4] along with the parameters determined from 
them. The time intervals corresponding to these spectra are in- 
dicated in Fig. [8] Firstly, we do not see any significant abun- 
dance variation in the E1-E4 spectra. Secondly, T^ff seems to 
be systematically lower when the star is faint (which would be 
expected if it would be an effect of changes in spot coverage). 
However, we do not claim that the slight differences between the 
El . . . E4 spectra are real, since the variation of T^ff and log g are 
only 40 K and 0. 1 dex respectively, which are well within the 
uncertainties of the main analysis. Although the relative change 
in Tss can be measured very precisely, we must consider that the 
model atmosp heres have been in terpolated from the relatively 
coarse grid of iHeiter et al.l (12002 ) which has a finite grid step 
size of 200 K in Teff and 0.2 dex in log g. This is the main argu- 
ment that we do not claim the slight differences in Teff to be a 
physical phenomenon. 
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Fig. 7. Synthetic profiles of the Fei 6151.6 A line fitted to the 
CES spectrum. The Upper panel shows the observed spectrum 
in grey, and two fits using the values of v sin ; and Vmacro listed. 
The residuals of the fits are plotted underneath. The lower panel 
shows the contours as a function of v sin / and v,nacro for the 
same Fe line with the position of the two plotted fits marked 
by filled circles (red and black). Indicated with dashed vertical 
lines are the limits on v sin / imposed by the stellar radius and the 
Plot = 2Pphot and P^ot = Pphot alternatives. 



3.4. Mass estimates 

To estimate the m ass of the star we followed the approach of 
IStello et all ( l2008l) by applying a scaling relation of Vmax, which 
includes the luminosity, effective temperature, and mass. To es- 
timate the luminosity we use the V magnitude, bolometric cor- 
rection and the parallax. The magnitude V - 6.0 is the bright- 
est measured magnitude, hence we assume it corresponds to 
no or low spot activity. This value is probably only accurate 
to within +0.1 mag. We adopted a bolometric correction from 
the tables in lBessell et alj ( 119981) for the Teff and log^ obtained 
from the spectros copic analysis. Fin ally, we use the parallax 
16.31 + 0.47 mas dvan Leeuwenll2007l) to get L/Lq = 14.5 + 1.6 
and Mboi - 1.952 + 0.087. To obtain the mass we use the ob- 
served value of Vmax - 320 + 32 juHz, and get M/Mq = 2. 1 + 0.3. 

Another way to estimate the mass is to compare the loca- 
tion of the star in the HR diagram with theoretical isochrones 
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Table 4. Results of the spectroscopic analysis using sub-sets E1-E4 of the HARPS spectra. is the number of spectra summed 
and S/N is for the red part of the spectrum. The photometric phase 0phot is relative to the ephemeris zero point given in Table[T] The 
phases are marked in Fig. [8] The results from the combined spectrum and from Paper I are listed for convenience. 





Time 


span 


<^phot 


A' 


S/N 


Teff [K] 


^ogg 


[Fe/H] 


El 


2006-02-11 ~ 


- 2006-04-02 


0.31-0.47 


5 


700 


5150 


3.34 


+0.06 


E2 


2006-07-17 - 


- 2006-09-08 


0.82-0.99 


7 


900 


5125 


3.44 


-1-0.09 


E3 


2006-12-28 - 


- 2007-01-03 


0.35-0.37 


5 


530 


5165 


3.37 


+0.04 


E4 


2007-03-29 - 


- 2007-04-02 


0.64 - 0.65 


4 


410 


5135 


3.42 


+0.06 


Comb. 


2007-03-03 - 


- 2007-03-05 


0.56 


70 


1,300 


5135 


3.39 


+0.02 


Paper I 


2004-10-01 - 


-2005-03-17 




6 


500 


5240 


3.55 


+0.09 



or evolutionary tracks. IStello et aH (l2009h compared different 
methods to estimate the fundamental parameters of stars from 
basic photometric indices. We adopted their SHOTGUN ap- 
proach, which uses BASTI isochrones (P ietrinferni et al.ll2004l) 
and models without overshoot, taking as input the metallicity, 
effective temperature, and luminosity. The output from the pro- 
gram is the mass, radius and age of the star: M/M© = 1.92+0.13, 
R/Re = 4.87 + 0.29, and age 1.1 + 0.2 Gyr. From M and R 
we get logg - 3.35 + 0.06, which is very similar to the value 
logg = 3.39 + 0.06 from the spectral analysis in Sect. 13.31 
Including overshoot in the BASTI models results in only slightly 
different values; M/Mq = 1.80 + 0.10, R/Rq = 4.84 + 0.35, age 
1.5 + 0.2 Gyr, and log^ = 3.33 + 0.07. In Tabled we list the 
results using the standard BASTI isochrones without overshoot. 

These two independent mass estimates are in rough agree- 
ment. A seismologically determined mass estimate is poten- 
tially more accurate than isochrone fitting if one can measure 
the large separ ation Av or the position of maximum power v^ax 
dBasu et alJl2009i) . Since our data do not allow us to measure Av 
and the error on Vmax is rather large, we adopt the mass estimate 
based on the SHOTGUN approach. 

4. Discussion 

4.1. Rotation period, v sin /, and radius 

The rotational velocity of EK Eri is notoriously hard to mea- 
sure due the the v ery slow rotation. The firs t accurate determina- 
tion was done bv IStrassmeier et all (119991 from R = 120,000 
spectra, from which they derived vsin; = 1.5 + 0.5 kms ' 
with an adopted value of the macroturbulent velocity Vmacro = 
5.0 kms"', with a Fourier analysis of the line profile as a check 
of the validity of the adopted Vmacm- In Paper I we derived 
vsin; = 1.0 + 0.5 kms"' by simple profile fitting to ID atmo- 
spheric model spectra, assuming a similar value of the macrotur- 
bulence. 

As we will argue in Sec. 14.2! we suggest that the rotational 
period of EK Eri could be twice the photometric period, i.e. close 
to 617 d. We have derived 4.87 +0.29 Rq (see Sect. ITS, which is 
in good agree ment with the value of R - 4.78 R© we derive us- 
ing Eq. 1 from lStrassmeier et alJ (11999 ). Adopting Prot - 2Pphot, 
this means that the radius of the star will be R/Rq - 12.2 v sin /, 
where we assume that / ^ 90°. With the derived radius of 
4.87 Rq, this translates to an expectation for the measurement 
of vsin/, namely vsin/ < 0.40 kms"'. If on the other hand 
Frot = ^'phot, t hen v sin ; must be les s than 0.80 kms"', as al- 
ready noted bv lStrassmeier et aP (11999) . and this value can thus 
be regarded as a safe upper limit on v sin 

Using the high-resolution CES data, and our newly derived 
stellar parameters, we have attempted to derive v sin / and vmacro- 
For this analysis we chose 7 lines from the two CES spectra, cho- 
sen to be non-blended based on the line list obtained from VALD 



dKupka et al ] ll999l) and visual evaluation of the line symme- 
try. The synthetic spectrum is broadened with different values of 
V sin i and vmacro in a fine grid in the range 0^ km s"' for both pa- 
rameters, and the;if^ is calculated. At values of Vmacm > 4 km s"' 
the fits start to deviate significantly an d we thus no te that a value 
of Vmacro.RT - 5 km s"' (originally from lGravl 19921 as a "typical" 
value) is inconsistent with our results. 

There is a strong correlation between the broadening caused 
by rotation and by macroturbulence which is very difficult to 
separate even though their exact forms are slightly different. In 
general we find a continuum of solutions, as illustrated in Fig.|7] 
which shows the reduced^^ surface for one spectral line for dif- 
ferent values of vsin / and vmacro- The;^'^ surfaces for the other 
lines look very similar We find that v sin / is so low that it cannot 
be determined reliably and only upper limits can be set. Note that 
we do not include Zeeman broadening, which in any case would 
contribute to an even lower hmit on v sin i. 

4.2. Radiai veiocity and activity variations 

It is well known that stellar magnetic activit y affects the shap e 
of spectral lines and thereby the apparent RV (lGravll 988'.'2005h. 
which again affects the ability to detect planets by the Doppler 
technique. The best direct measure of activity available in the 
HARPS spectra are the emission cores of the calcium H and 
K lines, and for each spectrum we have derived the activity in- 
dex RuK following the procedure of Paper I. It was shown by 
lOueloz et al. (2001) that the Bisector Inverse Slope (BIS) of the 
CCF is a good qualitative measure of the distortion of the spec- 
tral lines caused by activity, and w e have c alculated the BIS for 
all CCFs following the procedure of lDall et al. (2006). The series 
of RV, BIS and log7?HK are shown in Fig. [8] along with the cor- 
responding part of the photometric light curve. In Figs.l9land[T0l 
we show the correlations of RV with activity index log /?hk and 
BIS. 

From Figs. [8]and|9l it is clear that the large scale RV vari- 
ations are very well correlated with the activity as measured 
by logj^HK- As the star g ets dimmer, it gets redder (as noted 
bv lStrassmeier et al]ll999h and the chromospheric activity gets 
higher, both facts pointing to cool spots with overlaid plages as 
the cause of the variation. The variation of RV seems to be cor- 
related with the photometric variation as well, although the cor- 
respondence is not always straightforward and the RV amplitude 
varies differently from the light amplitude. 

The BIS shows in general a strong correlation with RV as 
does log/?HK- However, there seem to be significant deviations: 
the red points (A symbols), coiTesponding to about two months 
in late 2006 only, show a very distinct behavior in BIS, es- 
sentially reversing the sign of the RV-BIS correlation. This be- 
havior is not seen in the direct activity measure log/?HK- The 
last observing period (o symbols) exhibit variations in RV and 
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Fig. 8. Comparison of the photometric and spectroscopic time 
series over the 3 years of simuhaneous monitoring. The colors 
and the symbols in the 3 lower plots are: blue (*): 2004-09-30 
— 2005-03-20, green (o): 2005-08-10 — 2006-04-02, red (A): 
2006-07-17 — 2006-09-08, orange (o): 2006-11-06 — 2007-04- 
02 (except the three-night run in March 2007), and grey (□, at 
-2007.4): 2007-03-03 — 05 (3 nights of high-cadence data, cf. 
Fig.|2]i. The expected times of photometric minima (vertical dot- 
ted lines) and maxima (vertical dashed lines) are indicated. The 
data segments E1-E4 are marked (see Table|4]and Sect. 13.3b . 



log /Jhk which is overall anti-correlated with the light variation, 
although much more complex. The BIS varies very little during 
this period, but like log/?HK shows a quite complex behavior. 
This is in sharp contrast to the behavior of the blue points (* 
symbols) where all parameters display large-amplitude, almost 
textbook-like behavior with log Ruk in anti-correlation with the 
light variation, and the BIS and RV being phase shifted with re- 
spect to the light. Note that the internal precision on individual 
data points is very high as evidenced by the low scatter of the 
three-night run. 
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Fig. 9. Activity index log,RHK vs. RV using the same symbols as 
in Fig. [8] The lines and arrows indicate the evolution with time. 
The small grey points inside the box are the 3 nights of high- 
cadence data. The change in activity level during these nights 
is only about 0.02 in log/?HK which is much smaller than the 
long-term variations. The clear correlation between activity level 
and RV shows that the majority of the RV variations come from 
activity-related causes. The overall level seems to have increased 
between 2004-05 and 2006-07. 
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Fig. 10. BIS vs. RV with the same symbols in Fig. [8] and |9] 
The night-to-night variation is very small and comparable with 
the single-night scatter Thus, the larger scale variation in BIS, 
which correlates well with RV, is real and attributable to line 
profile variations. 



It is also worth noting that the obvious strong variation of 
bisector shape is in ap parent contradiction to the finding of 
ISaar & Donahud (119971) who found that the BIS loses its diag- 
nostic power for extre mely low v sin / . Thei r model results were 
confirmed recently by iDesort et al.l (l2007h . who found that a 
V sin ; less than the spectrograph resolution (which is certainly 
the case for EK Eri) should yield a constant bisector s hape. 
This was confirmed by Bon fils et al.l (l2007h and lHuelamo et al.l 
(i2008l) who found negligible BIS-RV correlations for the slow 
(vsinj < 1 kms"') rotators GJ 674 and TW Hya, respectively. 
This is in contrast to our findings as evident from Fig. \W\ 
Presently, we can offer no explanation of this. 

Two other asp ects are worth pointing out. First, while 
iDesort et all (120071) find the BIS-RV slope to be negative in all 
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their simulations, we are clearly seeing mostly positive slopes, 
although with at least one period of negative slope as well. 
These authors however presented only a f ew models and only 
for main sequence stars. Secondly, while iBonfils et al.l (l2007h 
find a clear loop pattern in the plot of RV versus Ca ii H+K emis- 
sion, which they interpret in terms of rotational modulation, our 
results are less clear, mostly due to the incomplete phase cover- 
age. However, from the time evolution of the log /?hk-RV and 
BIS-RV relations as depicted in Figs.l9]and[T0lwe can see that 
there appears to be different segments of similar loop patterns for 
different observing seasons, which could mean that these seg- 
ments of the loops are not associated with the same spot regions. 
Indeed, if the star is viewed equator-on, then one spot or spot 
group is not enough to produce a sinusoidal light curve, much 
less the radial velocity and activity variations. 

One possible conceptual model of EK Eri is that of an 
oblique rotator seen close to / - 90°, with the magnetic axis 
of a dipolar field tilted with respect to the rotation axis. This 
assumes that we approximate the star as a single dipole, which 
we believe is a reasonable approximation, taking into account 
also the results of Auriere et al. (2008). Assuming that the mag- 
netic poles are associated with the spots, we propose a model 
of EK Eri involving two large spots or s pot-covered areas, lo- 
cated 180° opposite each other. Although lAuriere et"al] (|2008|) 
observed no sign changes in the average longitudinal field over 
the photometric phase 0.21 < (p < 0.83, which would corre- 
spond to the hypothetical two spots gradually rotating into (re- 
spectively, out of) view, we note that their observations were per- 
formed during a period where EK Eri seemed to be undergoing 
another cycle change similar to the one of 1987-1992. During 
these periods the light amplitude is low, indicating that spots are 
small and possibly dominated by dynamo-related activity rather 
than by the large scale dipole field. 

In this scenario, the light curve minima correspond to a spot 
facing the observer, which happens twice per rotation. Hence, 
the rotation period P^ot of the star is not equal to Pphot, but rather 
twice that. This would mean that the true latitude-averaged ro- 
tation period of EK Eri is Pmt - 617.6 d. The possibility of 
f lot being two or even three times th e photometric period was 
also mentioned bv lAuriere et al.l ( 12008 ) but not investigated fur- 
ther. Such a relationship h as been observed for the Sun (e.g., 
iDurrant & Schroete3ll983h where the rotation of active regions 
across the solar disk gives rise to a 13-day period, i.e., half the 
solar rotation period. The ph enomenon of P rot - 2Pob,s has also 
been suggested for Procyon (lArentoft et al.li200 8). Note that the 
period 2f obs would not show up in the period analysis unless 
the spots were of uneven size and stable over several rotations, 
which is clearly not the case. 

Although simple, this would explain the differences seen in 
the log7?HK-RV loop patterns which seem to change direction 
for every second loop, while also qualitatively explaining the 
appearance of the light curve. Of course, we are assuming that 
the field is poloidal, that the spots are associated with the large 
scale field, and that the star is seen equator-on. We have however 
not been able to produce a spot model that could reproduce the 
light curve satisfactorily using this simple geometry, and the true 
structure of the magnetic field and the activity of EK Eri is likely 
far more complex. 

4.3. Photometric period ciianges 

As evident from thelight curve (Fig. [T]i and as noted by 
IStrassmeier et al.l (Il999l) . the photometric period of EK Eri is 
not stable. In fact, based on the latest data, the star appears to 



be going through a phase similar to the period 1987-1992 where 
the light variations almost disappeared and the period changed 
significantly. While this may be explained by distinct magnetic 
cycles, other explanations have been proposed in view of the un- 
usually long period. One possibility proposed hypothetically by 
IStrassmeier et al.l ([T990h was that the star is seen pole-on and 
that the long period reflects activity cycles on a rapidly rotating 
star Alternatively, they suggested a strong internal rotation gra- 
dient to explai n the activity in terms of a classical aQ. dynamo. 
ISt^pieril (Il993i) proposed the elegant solution that EK Eri is the 
descendant of a magnetic Ap star. Up to 10% of Ap sta rs have 
rotation periods longer than 100 d (e.g., Mathys '2008'), and a 
significant fraction of the field should be able to survive main 
sequence evolution (lMossll2003h . 

4.4. Magnetic field geometry, and low-amplitude stellar 
oscillations 

l Auriere et al. I (l2008h observed modulations of the magnetic field 
strength with rotational phase, but they were unable to relate it 
to the photometric period. In particular, they observed a peak in 
the field strength at one phase, which they assign as their phase 
zero point. From our ephemeris given in Table [T] we find that 
their zero phase corresponds to 0phot = 0.21 in our data i.e., very 
close to quarter photometric phase. 

In our RV monitoring, we have covered the interval from 
time of photometric minimum (0phot = 0) to first quarter phase 
on two segments of the light curve; in 2004-5 and 2006-7 (see 
Fig -Ell. In the first segment, all parameters vary smoothly. As we 
noted, this is the classical textbook behavior In the second seg- 
ment, the activity level as infeiTed by log Ruk is overall higher, 
with the maximum level likely to have been reached just before 
2006-11-06, but after the time of light minimum, i.e. around 
f^phot = 0.1-0.2. It is likely then, that the high field strength 
measured by Auriere et al.l ([2008) corresponds to a similar high 
value of log7?HK and vice versa. Furthermore, around (pphot - 0.2 
in 2006-7, the BIS changes direction for a short while, which 
may indicate an additional contribution on top of the main spot 
(group), possibly a smaller bright spot, or the emergence of a 
short lived spot. If an dynamo can work locally to augment a 
large scale seed field at small sc ales on the stellar disk (a mecha- 
nism proposed for AGB stars bv lSoker & Z oabi 2002), then this 
spike could be caused by spots with completely different char- 
acteristics in terms of size and temperature, appearing alongside 
the semi-static fossil field-induced spots responsible for the main 
light modulation. 

Th e magnetic field geometry suggested by lAuriere et al.l 
(2008") is close to a dipole, which makes intuitive sense for a 
remnant static field. One may expect a large scale magnetic field 
to have a stabilizing effect on the overall shape of the star, i.e., 
resisting deformations caused by the oscillations. As noted by 
Braithwaite (2009), a dominantly poloidal field tends to align 
the magnetic axis perpendicular to the rotation axis, thereby con- 
tributing to making the star oblate, even for very slow rotation. 
With this in mind, the surprisingly low oscillation amplitude- 
per-radial-mode (cf. Sect. 13.2.1b may have a logical explana- 
tion. In most stars, the / - 1 modes are expected to have the 
highest amplitudes, but if the low-degree modes are suppressed, 
then the bulk of the oscillations will be higher degree modes. 
A ssuming an expected a mplitude per mode of a; 0.5 m s ' (Fig. 8 
of' Kieldsen et al.l l20081 we find a spatial response scaling factor 
Si/S() = 0.3. Comparing with Table 1 of Kjeldsen et al. (20Q§ 
we then propose that the bulk of the oscillations in EK Eri could 
be higher degree modes of / = 3,4. Coincidentially, for the 
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rapidly oscillating magnetic Ap stars (roAp), which are possible 
progenitors of EK Eri, there is emerging evidence for interaction 
between the magnetic field and the oscillation driving mecha- 
nism (e.g. JSaio et al.ll2009l and references therein). 

Of course our time coverage is very poor and the discrep- 
ancy may very well be due to mode beating and the stochastic 
nature of mode excitation. Obviously, longer observing runs are 
required to test this scenario. It is interesting to note that the 
magnetic field measurement of Auri ere et alj (2008) as well as 
our asteroseismic results were obtained while the star was ap- 
parently entering another "bright" phase akin to the 1987-1992 
period. In order to test the interaction between the magnetic field 
and the oscillations it would be highly desirable to conduct aster- 
oseismic measurements in periods of high field strength as well 
as in periods of relatively low field strength. 

5. Conclusions 

We have presented results from an intensive monitoring of the 
active sub-giant star EK Eri. We have used photometric data cov- 
ering 30 years and spectroscopic data probing long-term varia- 
tion in activity during 3 years and high-cadence radial-velocity 
monitoring from 3 nights. From the photometry we have re- 
fined the rotation period and the ephemeris as listed in Table [1] 
Also, from 3 half-nights of high-cadence RV monitoring we 
have detected solar-like oscillations in a late-type spotted sub- 
giant star for the first time. While oscillat ions have been de- 
tected in a number of late-type giants (e.g., iHekker et al.ll2009t 
[Hatzes & Zechmeister 2008) a nd for mildly ac t ive solar-type 
stars (e.g., Pollux: IHatzes & Zechmeisteii l2007t lAuriere et al.l 
12009 ). this is the first detection for a sub-giant hosting a strong 
magnetic field. Unfortunately our data do not allow us to re- 
solve individual frequencies. We measure an amplitude per ra- 
dial mode of » 0.15 ms"' at a position of maximum power 
"''max = 320+32 fiHz. This amplitude is at least a factor of 3 lower 
than expected and, if confirmed, may mean that the magnetic 
field has a strong stabilizing effect on the stellar geometry, es- 
sentially favoring high-degree oscillation modes in the presence 
of a near-dipole magnetic field. In that case, the interpretation 
of the asteroseismic data may become more difficult for this and 
other sub-giant stars with similar magnetic properties. A longer 
time series is required in order to obtain quantitative results. For 
reference purposes, having accurate oscillation data for a non- 
active star at the position in the HR diagram of EK Eri would 
be highly desirable. Unfortunately, neither CoRoT nor Kepler 
apparently covers this. 

Based on the roughly sinusoidal shape of the light curve, 
the likely very h igh inclination, the field geometry suggested 
by lAuriere et al.l ( 12008) . and the behavior of the activity indi- 
cators as function of RV, we suggest a conceptual model of 
EK Eri with two large low-latitude spot covered areas approx- 
imately 180° apart on a star viewed equator-on. In this sce- 
nario, the rotational period is twice the photometric period, thus 
f lot - 2f'phot = 617.6 d. We note however, that a simple two-spot 
model is not able to account for all the seasonal light variations 
observed, mostly due to the unknown spot lifetimes, sizes and 
longitudes. 

Regardless of the rotation period, the measured values of 
V sin i both from this work and from the literature are inconsis- 
tent with the derived radius of the star. Both the radius derived 
from asteroseismology and from the spectral analysis set strict 
upper limits on vsin/ which are lower than previous estimates. 
We thus conclude that the v sin / is too low to be reliably mea- 
sured with available spectrographs. 



Based on high-quality HARPS spectra we have derived the 
atmospheric parameters of EK Eri to very high precision. The 
abundance pattern for 17 analysed elements is very similar to 
the Sun, and we detect no anomalies that could otherwise be at- 
tributed to an earlier evolutionary state as a magnetic Ap star 
However, in order to argue for or against EK Eri being a descen- 
dant of a magnetic Ap star, stronger constraints on the mass and 
evolutionary state are needed. Further seismic studies, prefer- 
ably at varying rotational phases, may deliver such constraints in 
terms of accurate asteroseismic mass and radius measurements, 
and are also needed to probe the possible link between solar-like 
oscillations and the magnetic field. 

Acknowledgements. DS would like to acknowledge support from the Australian 
Research Council. TD acknowledges support by the Gemini Observatory, which 
is operated by the Association of Universities for Research in Astronomy, Inc., 
on behalf of the international Gemini partnership of Ai'gentina, Australia, Brazil, 
Canada, Chile, the United Kingdom, and the United States of America. This re- 
search has made use of the SIMBAD database, operated at CDS, Strasbourg, 
France. We would like to thank the anonymous referee for comments and sug- 
gestions that have improved the paper 



References 

Arentoft, T., Kjeldsen, H., Bedding, T. R., et al. 2008, ApJ, 687, 1180 
Auriere, M., Konstantinova-Antova, R., Petit, R, et al. 2008, A&A, 491, 499 
Auriere, M., Wade, G. A., Konstantinova-Antova, R., et al. 2009, A&A, 504, 231 
Basu, S., Chaplin, W. J., & Elsworth, Y. 2009, ArXiv e-prints 
Bedding, T. R. & Kjeldsen, H. 2003, Publications of the Astronomical Society 

of Australia, 20, 203 
Besseh, M. S., Castelh, R, & Plez, B. 1998, A&A, 333, 231 
Bonfils, X., Mayor, M., Delfosse, X., et al. 2007, A&A, 474, 293 
Braithwaite, J. 2009, MNRAS, 397, 763 

Bruntt, H., Bikmaev, I. F., Catala, C, et al. 2004, A&A, 425, 683 
Bruntt. H., De Cat, P, & Aerts, C. 2008, A&A. 478, 487 
Christensen-Dalsgaard, J. 2008, Ap&SS, 316, 113 
Dall, T. H., Bi-untt, H., & Sti'assmeier, K. G. 2005, A&A, 444, 573 
Dall, T. H., Santos, N. C, Arentoft, T., Bedding, T. R., & Kjeldsen, H. 2006, 
A&A, 454, 341 

Desort, M., Lagrange, A.-M., Galland, F, Vdry, S., & Mayor, M. 2007, A&A, 
473, 983 

Durrant, C. J. & Schroeter, E. H. 1983, Nature. 301, 589 
Frandsen, S., Jones, A., Kjeldsen, H., et al. 1995, A&A, 301, 123 
Granzer, T., Reegen, P, & Strassmeier, K. G. 2001, AN, 322, 325 
Gray, D. F. 1988, Lectures on spectral-line analysis: F, G, and K stars (The 
Publisher, Ontario) 

Gray, D. F. 1992, The observation and analysis of stellar photospheres (CUP, 

Cambridge) 
Gray. D. F 2005. PASP 1 17, 71 1 
Hatzes, A. R & Zechmeister, M. 2007, ApJ, 670, L37 

Hatzes, A. P. & Zechmeister, M. 2008, Journal of Physics Conference Series, 
118, 012016 

Heiter, U., Kupka, F, van't Veer-Menneret, C, et al. 2002, A&A, 392, 619 

Hekker, S., Kallinger, T, Baudin, F, et al. 2009, ArXiv e-prints 

Hinkle, K., Wallace, L., Valenti, J., & Harmer, D. 2000, Visible and Near Infrared 

Atlas of the Ai'cturus Spectrum 3727-9300 A (San Francisco: ASP) 
Huelamo, N., Figueira, R, Bonfils, X., et al. 2008, A&A, 489, L9 
Kjeldsen, H. & Bedding, T. R. 1995, A&A, 293, 87 
Kjeldsen, H., Bedding, T. R., Arentoft, T, et al. 2008, ApJ, 682, 1370 
Kjeldsen, H., Bedding, T. R., Butler, R. P, et al. 2005, ApJ, 635, 1281 
Kupka, F, Piskunov, N., Ryabchikova, T. A., Stempels, H. C, & Weiss, W. W. 

1999, A&AS, 138, 119 
Kurucz, R. L., Furenlid, I., Brault, J., & Testerman, L. 1984, Solar flux atlas from 

296 to 1300 nm 
Lafler, J. & Kinman, T. D. 1965, ApJS, 11, 216 

Lenz, P. & Breger, M. 2005, Communications in Asteroseismology, 146, 53 
Mathys, G. 2008, Contributions of the Astronomical Observatory Skalnate Pleso, 
38,217 

Mayor, M., Pepe, F, Queloz, D., et al. 2003, The Messenger, 1 14, 20 
Moss, D. 2003, A&A, 403, 693 

Pietrinferni, A., Cassisi, S., Salaris, M., & Castelh, F. 2004, ApJ, 612, 168 
Queloz, D., Henry, G. W., Sivan, J. P, et al. 2001, A&A, 379, 279 
Reegen, P 2007, A&A, 467, 1353 

Rupprecht, G., Pepe, F, Mayor, M., et al. 2004, in Proc. SPIE, Vol. 5492, 148 
Saar, S. H. & Donahue, R. A. 1997, ApJ, 485, 319 



T. H. Dall et al.: Solar-like oscillations and magnetic activity of the slow rotator EK Eri 

Saio, H., Ryabchikova, T., & Sachkov, M. 2009, ArXiv e-prints 
Santos, N. C, Mayor, M., Naef, D., et al. 2002, A&A, 392, 215 
Soker, N. & Zoabi, E. 2002, MNRAS, 329, 204 
Stfpien, K. 1993, ApJ, 416, 368 

Stello, D., Brantt, H., Preston, H., & Buzasi, D. 2008, ApJ, 674, L53 
Stello, D., Chaplin, W. J., Bruntt, H., et al. 2009, ApJ, 700, 1589 
Stello, D., Kjeldsen, H., Bedding, T. R., et al. 2004, Sol. Phys., 220, 207 
Strassmeier, K. G., Boyd, L. J., Epand, D. H., & Granzer, T. 1997, PASP 109, 
697 

Strassmeier, K. G., Hall, D. S., Barksdale, W. S., Jusick, A. T., & Henry, G. W. 
1990, ApJ, 350, 367 

Strassmeier, K. G., St^pien , K., Henry, G. W., & Hall, D. S. 1999, A&A, 343, 
175 

Valenti, J. A. & Piskunov, N. 1996, A&AS, 118, 595 
van Leeuwen, E 2007, A&A, 474, 653 

Zucker, S., Mazeh, T., Santos, N. C, Udry, S., & Mayor, M. 2004, A&A, 426, 
695 



